Using an immunological probe, we have determined that the synthesis of the Bacillus subtlis RNA polymerase promoter specificity determinant (729 is a developmentally regulated event. a29 is absent from vegetatively growing cells but is abundant in sporulating cells for a restricted (2-h) period during differentiation (hour 2 to hour 4 into the sporeforming process). The narrowness of this period suggests that 2 is a regulatory factor that directs the transcription of a subpopulation of genes at a precise, intermediate stage of spore formation. This view predicts that a29 should be dispensable for early sporulation events. We verified this prediction by an analysis of 29 accumulation in mutants that are blocked at different stages of sporulation in which we show that cells can advance to at least an intermediate point in development (stage III) in the absence of detectable 29. Lastly, our anti-o29 antibody probe detected a second, previously unrecognized protein in Bacilus cell extracts that may be a precursor to a29. This protein, P31 (molecular weight, 31,000) is synthesized earlier in sporulation than is oJ29. It has a peptide profile that is similar to (729 and is present in all Bacillus subtilis Spo-mutants that were tested and found to still be able to accumulate a29.
Endospore formation in Bacillus subtilis is a simple form of cellular differentiation. In response to nutrient deprivation, the bacterium undergoes a sequential alteration in morphology and physiology, ultimately transforming itself into a new cell form, the dormant spore. The mechanisms by which sporulation genes are activated in the correct sequence to drive the program of differentiation properly are unknown. Although there are over 30 genetic loci whose products are required for successful endospore development, no regulatory factor has as yet been identified as the product of any of these genes (18, 22, 23) .
Biochemical studies, in which cloned segments of the B. subtilis chromosome were used as templates for in vitro transcription, have implicated RNA polymerase as a possible regulatory molecule in B. subtilis gene control. Five forms of B. subtilis RNA polymerase have been isolated which transcribe unique populations of cloned vegetative and sporulation genes in vitro. Each enzyme has the subunit composition of the core RNA polymerase (g13'ci2) plus an additional protein (sigma factor) of 55,000 (or ), 37,000 (a37), 32,000 (r 2), 29,000 (J29), or 28,000 (Cr28) daltons that is responsible for the in vitro promoter specificity of the resulting holoenzyme. cr55 is the predominant sigma factor that is found in association with the RNA polymerase isolated from vegetatively growing cells (26) . The -r55_ containing RNA polymerase enzyme complex (E-a55) is likely to direct most of the RNA synthesis during vegetative growth. (X37, cr32 and o28 are also found in association with vegetative cell RNA polymerase; however, holoenzymes carrying these subunits compose only a minor fraction of the extractable polymerase population (9, 14, 31) . In vitro, E-u37 and E-o32 transcribe several cloned B. subtilis genes that are active during the early stages of sporulation (9, 10, 14, 32) , whereas two promoters that are uniquely recognized by E-cr2 in vitro seem to be active during vegetative growth (7) . E-c29 differs from the preceding RNA polymerase holoenzymes in that this enzyme has been isolated only from cultures of sporulating B. subtilis (6, 8, 16) . In vitro, (J29 * Corresponding author. directs the transcription of several cloned B. subtilis genes that are active during sporulation (8) . Based on the conditions under which each of these polymerases has been isolated and on the types of genes that they transcribe in vitro, it has been proposed that RNA polymerase modification by sigma factor substitution could be a mechanism for sequential gene activation during sporulation (19) . In such a model, vegetative cell sigma factors (e.g., 55, a37, (r32 and 0-28) would direct the transcription of genes whose products were required during growth and the early stages of spore development, whereas those genes whose transcription may be required at later times in spore development could be activated by the appearance and joining to RNA polymerase of sporulation-specific sigma factors (e.g. a29).
a29, by virtue of its presence in sporulating bacteria, is the most likely of the known sigma proteins to be a sporulationspecific transcriptional determinant; however, the necessity of isolating it as a component of an RNA polymerase was purified as previously described (8, 26) .
Immunization and production of hybridomas. BALB/c mice received two intraperitoneal injections 10 (27) . Supernatants from wells containing proliferating hybridomas were screened for antibody production in two separate enzyme-linked immunosorbent assays (ELISAs) as described by Voller (30 10 ,000 x g for 30 min, dissolved in buffer I, and dialyzed against two changes of buffer I over a 2-h period. All steps were carried out at 0 to 4°C.
The protein concentration of each extract was determined by the Coomassie method (BioRad Laboratories). Total protein (100 ,ug) was precipitated with 20% [vol/vol] cold trichloroacetic acid, washed with 0.1 M HCl, and lyophilized. The final pellets were suspended and boiled in 50 pJ of sample buffer then electrophoresed on one-dimensional sodium dodecyl sulfate (SDS)-polyacrylamide gels (15) . The gels were either stained with Coomassie brilliant blue R or used in protein blotting.
Binding of protein to nitroceUulose paper and probing with monoclonal antibody. Purified protein or B. subtilis crude extracts fractionated by SDS-polyacrylamide gel electrophoresis were transferred electrophoretically to nitrocellulose paper and probed with monoclonal antibody by using a modification of the method described by Towbin et al. (29) . The nitrocellulose blots were either blocked with TSGA-bovine serum albumin-Tween 20 (1) or Blotto (13) (11) . The resulting peptide mixtures were separated on SDS-polyacrylamide gels (15 to 20% acrylamide), electrophoretically transferred to nitrocellulose, and probed with monoclonal antibody; the antigen-antibody complexes were visualized with 125I-labeled rabbit anti-mouse immunoglobulin and autoradiography.
RESULTS
Specificity of anti-cf29 monoclonal antibody. As described above, monoclonal antibody was prepared by immunizing mice to the a2o holoenzyme. After spleen cell-myeloma fusion and selection, ca. 700 hybridoma clones were screened in two separate ELISAs. The ELISA screens differed only in the antigen used: E-&9 or RNA polymerase core enzyme (E). A total of 30 clones appeared to react only with E-cr29 and were further characterized by Western blot analysis (29) . Purified RNA polymerase core and E-a29 were resolved into their subunit components by SDS-PAGE transferred to nitrocellulose, and probed with the putative anti-&9 antibody. Figure 1 illustrates the result obtained with the antibody used in the present study. It is specific for a protein of mw 29 ,000 that appears only in the E-o-29 preparation. VOL. 161, 1985 on July 7, 2017 by guest http://jb.asm.org/
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To insure that our probe recognized an epitope that was not common to many B. subtilis proteins, we reacted the monoclonal antibody to crude cell extracts after the proteins had been electrophoretically separated and transferred onto nitrocellulose. The extracts were prepared either from B. subtilis cells that were vegetatively growing in a rich medium which would inhibit sporulation (24) or from B. subtilis cells that had been permitted to begin sporulation 2 h earlier. The former extract contains vegetative cell sigma factors, whereas the later extract contains a 29 (8) . We observed that although the monoclonal antibody detected no proteins in the vegetative extract ( Fig. 2A) , it recognized two proteins of similar size (30,000 mw) in the extract from sporulating cells (Fig. 2B) .
To identify which of these proteins was r29, we added purified E-c29 to a sample of vegetative extract and electrophoresed it in parallel with a portion of the sporulation extract (Fig. 2C) . The more rapidly migrating of the two proteins had the mobility of the authentic r29 antigen. The more slowly migrating protein has an apparent mw of 31,000 (p31). Thus, this monoclonal antibody recognizes a determinant that is absent from vegetative cell proteins and present on only two proteins (p3l and ar29) in sporulating cells. This result not only demonstrates that this monoclonal antibody has a high specificity for a29 but also indicates that Cr29 protein is not present in vegetatively growing bacteria.
Temporal appearance of (729 during sporulation. To examine when cr29 protein is synthesized and maintained in B. subtilis, the organism was grown in medium (DSM) in which the cells begin sporulating at the end of logarithmic growth. We prepared protein extracts from vegetatively growing cells and at hourly intervals as the cells proceeded into sporulation. The formation of heat-resistant spores took ca. In an attempt to quantitate the levels of P31 and ur29 antigens that were present in these extracts, we repeated the experiment depicted in Fig. 3 and P31 are present in sporulating cells failed to react with the monoclonal antibody probe (Fig. 5, lanes 1 to 5) . The probe did, however, detect these proteins in one of the stage 0 extracts (spoOJ) (Fig. 5, lane 7) . Thus, five of six B. subtilis mutations that specifically arrest sporulation inhibit the appearance of P31 and o-29 in cell extracts. We conclude that the synthesis of p31 and o-29 is controlled by sporulation-specific regulatory pathways.
(r29 expression in B. subtilis mutants blocked at different stages of spore development. There are a large number of B. subtilis mutations that arrest spore formation at particular stages of morphological development (22) . Although the functions of the mutant genes and the time in development when their products need to be present for normal differentiation to proceed are unknown, these mUtant clones provide an experimental system in which we can ask whether cells proceed past the initiation of spore formation in the absence of o29. We remained negative for the missing proteins at T3.5. We conclude that at least one stage II and one stage III mutant lack a29 and infer from this that B. subtilis can differentiate, at least morphologically, through the formation of the spore protoplast (stage III) in the absence of o29-directed transcription.
Relatedness of P31 to UJ29. The monoclonal antibody used in this study had been prepared with purified E-ur29 antigen and was found to react with an epitope on the a29 protein. It reacts with no other known B. subtilis sigma protein, but does react with one additional protein (p31) whose synthesis is under sporulation-specific regulation in B. subtilis. The 10 specificity of the anti-or29 antibody prompted us to perform a preliminary peptide analysis to determine whether p31 iS related to o-29 by more than the presence of a single antigenic site. S. aureus V8 protease digests cr29 protein into a number of fragments that can be resolved by SDS-PAGE (11 tially represents a powerful control mechanism for gene regulation. The association of one or another of these polymerase subunits with the core transcriptase could activate or suppress a large number of genes by a single regulatory event. This type of gene control would seem to be well adapted to orchestrating the program of gene expression that occurs during differentiation, in which groups of genes appropriate for a particular stage in development are required to be activated coordinately.
We have developed an immunological probe with which we have demonstrated that the B. subtilis promoter specificity determinant, a29, is apparently synthesized under the control of sporulation-specific regulatory factors: not only does it appear at a precise time during differentiation but its appearance is contingent on the presence of several spoO gene products. The strikingly narrow period during which o29 is abundant (T2 to T4) argues that it would be a potential vehicle for activating a subpopulation of genes that are required to be expressed at a particular stage of development. As a consequence of o29 being present only at an intermediate stage of development, we would predict that, if sigma factor substitution is orchestrating spore gene expression, other sigma-like proteins are likely to be needed to direct transcription of sporulation-specific genes that are activated before or after this period of a29 abundance. C37 and cr32 are likely candidates for the transcription of earlyactivated spore genes; however, no sigma-like protein has as yet been isolated from cells that have progressed to an advanced stage of spore formation. o29 is absent from at least one cell line that is blocked after completion of stage III in spore development. A cell can therefore advance morphologically to that stage (i.e., formation of a forespore protoplast within the mother cell) without &29. Protoplast engulfment normally occurs between T2 and T3. 5 (24) , the times during which a29 levels are maximal.
c29-directed transcription is therefore not needed for the overt morphological changes that are occurring at the time at which it is most abundant in the cell. We infer that a29 is probably involved in the activation of genes whose products are required for differentiation beyond the stage at which the protein is maximally present (e.g., E-cr29 could transcribe genes involved in stage IV development). There is precedent for the synthesis of spore-related gene products before their products have a direct effect on differentiation. The spore coat protein, for example, which is deposited around the forespore as a late event in sporulation, has been detected as a large precursor molecule early in development (3) . In addition, a number of the spoO genes alter the pattern of protein synthesis in vegetative cells although their overt effect is not on vegetative growth but on the initiation of sporulation (2, 17) . Alternatively, this particular spoIIIA mutant (spoIIIA7) may not be blocked as late in development as believed. We have attempted to repeat this experiment with three additional stage III mutants which map at the spoIIIA locus (spoIIIA26, spoIIIA59, and spoIIIA65 [all from P. Piggot]). In each case, normal amounts of P31 and a29were detected (data not shown).
Our analysis of r29 accumulation in various mutant backgrounds emphasizes not only the dependence of this protein on the ability of the bacterial cell to proceed into sporulation but also that the sporulation process is not a single pathway of dependent steps leading from vegetative cell to endospore. This follows from the lack of correlation between the morphological stage in development to which a particular mutant advances and the presence or absence of a29 reported to be compartmentalized in the forespore protoplast (20) , can accumulate in the absence of the morphological changes that occur before or shortly after its time of synthesis. We infer from this result that the pathway controlling C29 accumulation branches from that which controls the morphological progression to stage III, even though these events are occurring simultaneously. The monoclonal antibody that was used in this study is specific for the sigma factor which elicited its synthesis. It fails to detect any known B. subtilis sigma protein except a29 in crude cell extracts. Nevertheless, it recognizes a second B. subtilis protein, 31,000 molecular weight (P31) which, based upon a similar peptide profile with o29 after limited proteolysis, is structurally related to a29. Both P31 and cr29 appear to be common sporulation-dependent proteins among members of the genus Bacillus. Anti-aC29 antibody detects 31,000-and 29,000-dalton proteins not only in extracts of sporulating B. subtilis but also in extracts prepared from Bacillus amyloliquifaciens, Bacillus cereus, Bacillus licheniformnis, and Bacillus natto (J. Trempy, unpublished data). Although P31 and a29 both depend upon sporulation-specific regulatory factors for their appearance, P31 accumulates earlier in development than o29. In addition, there is at least one Spo-B. subtilis mutant (spoIIE) which accumulates p31 but not a29. Presumably the spoIIE mutant lacks a critical element in the pathway of a29 synthesis.
What is the relationship of p31 to ac29? An obvious possible relationship is that p31 and o-29 are the products of a single gene and that Cr2 is processed from a 31,000-dalton precursor. It could even be argued that Cr29 protein is an artifact produced during extract preparation by a proteolytic activity that accumulates during sporulation and that the physiologically significant sigma factor has a molecular weight of 31,000. We feel that aC29 is unlikely to be an artifact for several reasons. First, we don't detect a 31,000-dalton sporulation-specific protein in our purified preparations of E-cr29. If E-P31 exists, it must have different properties from E-o29. Second, Spo-mutants of B. subtilis that are blocked at the same stage of development can have P31 (spoIIE) or p31 and Cr29 (spoIIC). It would have to be argued that the artifact-generating proteolytic activity is present under very restrictive conditions and is not merely a common sporulation-associated protease. Finally, an analysis in our laboratory of the in vivo transcription of six B. subtilis DNA segments that are transcribed by E-o29 in vitro reveal that RNAs that hybridize to the E-cr29-transcribed regions are synthesized in a stage II Spo-mutant that accumulates a29 (spoIIC), but not in mutants (spoIIA, spoIIE) that fail to accumulate this protein, regardless of whether P3R is present (G. L. Ray, unpublished data). This result implies that p31 cannot substitute for cr29 in vivo. If C29 iS processed from p31, we believe that this processing has biological relevance and is likely to be a novel form of gene regulation in Bacillus spp. There are, however, alternative possibilities. p31 and a29 may, for example, be distinct sporulation-specific proteins which based on their structural relatedness have similar functions (i.e., p31 is a previously undescribed sigma factor with a unique resemblance to aC29). The ultimate explanation of the relationship of p31 to oa29 will come only after the structural genes that code for these proteins have been VOL. 161, 1985 on July 7, 2017 by guest http://jb.asm.org/ Downloaded from cloned and analyzed. We are currently attempting to use our r29-specific immunological probes toward this end.
